The Olserum deposit located in Sweden hosts an indicated mineral resource of 4.5 million tonnes at 0.6% total rare earth oxides (TREO), exhibiting a relatively high proportion of heavy rare earth elements (HREE). The mineralogy and beneficiation of a composite drill core sample from the Olserum deposit were studied. Monazite and xenotime were found by the mineralogical analyses to be the target minerals for beneficiation of REEs and most (96.9%) of REEs in the ore are carried by monazite (68.5%) and xenotime (28.4%). Because xenotime carries 84.7% of heavy REEs (Y, Gd, Dy) in the ore it is more valuable mineral than monazite. A beneficiation process was developed which includes grinding, wet low intensity magnetic separation (WLIMS) for removal of magnetite and REEs flotation consisting of one stage of roughing and two stages of cleaning. Selective flotation collector of REE minerals and suitable grinding size of feed material were determined by testwork. The REE concentrate and tailings were chemically and mineralogically characterized. The studies of process mineralogy showed that the REE-bearing minerals, monazite and xenotime, and apatite were successfully enriched from the concentrations of 0.6%, 0.31% and 2.6% in the feed to those of 17.0%, 8.9% and 65.0% in the concentrate with the recoveries of 79.0%, 81.3% and 71.0%, respectively.
Introduction
Rare earth elements (REEs) normally refer to 15 lanthanides plus chemically similar ytrrium (Y) and scandium (Sc). REEs typically split into two sub-groups, the light rare earth elements (LREE) which includes Sc, La, Ce, Pr, Nd, Pm, Sm and Eu, and the heavy rare earth elements (HREE) which includes Y, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. The Olserum deposit located in Sweden comprises lower grade placer material with higher grade apatite-magnetite veins and hosts an indicated mineral resource of 4.5 million tonnes at 0.6% total rare earth oxides (TREO), with 34% of that being heavy rare earth oxides (HREO) [1] . The mineralization was studied by Andersson et al. (2018) [2] . At early stage, hightemperature REEs were characterized by abundant monazite-(Ce) and xenotime-(Y) coexisting with fluorapatite and subordinate amounts of (Y, REEs, U, Fe)-(Nb, Ta) oxides. During a subsequent stage, allanite-(Ce) and ferriallanite-(Ce) were formed locally, partly resulting from the breakdown of primary monazite-(Ce). Alteration of allanite-(Ce) or ferriallanite-(Ce) to bastnäsite-(Ce) and minor synchysite-(Ce) at lower temperatures represented the latest stage of REE mineral formation.
The mineralogy and beneficiation of the ore were firstly studied by GTK Mintec in the EURARE project for a composite drill core sample. The Olserum is considerably smaller than the NorraKärr deposit. However, rare earth elements (REEs) are hosted by xenotime and monazite, both of which have well established processing pathways, and meanwhile, the Olserum has a high contribution of the high value critical REEs (dysprosium (Dy), yttrium (Y), neodymium (Nd) and terbium (Tb)), which provide a unique advantage for its exploration [3] . In this paper, flotation of the REE-bearing minerals in the Olserum ore was studied.
Materials and Methods
A drill core composite sample weighted 110 kg from the Olserum deposit was sent to GTK Mintec in Outokumpu, Finland. The sample was crushed to −1.5 mm and homogenized, and split to 1.5 kg subsamples. One subsample of 1.5 kg was further split into 100 g samples for chemical and mineralogical analyses.
Sodium peroxide plus sodium hydroxide digestion was used for determination of REEs by ICP-MS technique which was performed by Labtium Oy in Finland. The limits of detection (LODs) of the ICP-MS for REEs are shown in Table 1 .
Quantitative mineralogical studies were carried out by using a mineral liberation analyzer (MLA) and an electron probe micro analyzer (EPMA).
The modal mineralogy, i.e. the percentages of the mineral components, the mineral liberation and the grain size distribution of REE-bearing minerals were measured using MLA (a FEI MLA Quanta 600 system) at GTK Mintec. Minerals were identified mostly based on Energy Dispersive X-Ray Spectroscopy (EDS) analyses. Using the EDS analysis the composition of a certain mineral was determined and the composition was compared to the composition of the mineral in MinIdent mineralogy database and a mineralogical book [4] . Also the EDS spectrum was compared to the spectra in the databases of MLA.
For determining the chemical compositions of REE minerals in the sample a CAMECA SX100 EPMA at the Geological Survey of Finland in Espoo, Finland was used. Analytical results were corrected using the PAP on-line correction [5] . The limits of detection (LODs) of the EPMA for REEs and radioactive elements, U and Th, are shown in Table 2 .
The subsamples of 1.5 kg with the size of −1.5 mm were ground at a laboratory rod mill as the feeds for beneficiation experiments. The relationships between grinding size and time were determined by testing. The concentration of solid for grinding was 60%wt using tap water at the room temperature (20˚C - 
Results and Discussion

Chemical and Mineralogical Analyses
Chemical analysis results are shown in Table 3 . It is seen that the content of total REEs (TREE) in the Olserum composite ore is only 0.54%, but the rate of valuable heavy REEs (HREE) is quite high, that is, 37% of REEs in the ore are HREE. The radioactive elements, U and Th, have contents of 242 mg/kg and 81 mg/kg, respectively.
Total 28 minerals were identified by MLA. The modal mineralogy is presented in Table 4 . It is revealed that this is a high silicate ore with the silicate concentration of 94%. In addition, a relatively high content of magnetite (2.29%) was recognized.
Four minerals were identified by MLA and EPMA to bear REEs, two phosphate minerals monazite-(Ce) and xenotime with the contents of 0.61% and 0.31%, respectively, one silicate mineral allanite with the content of 0.07%, and one niobium oxide mineral pyrochlore with the content of 0.01%.
The chemical compositions of the four REE-bearing minerals were measured by EPMA. The results ( 
Target Minerals of REEs
The concentrations of REOs in the ore ( The MLA images of monazite and xenotime particles are shown in Figure 1 . Table 7 shows that the grain sizes of monazite and xenotime are 95 and 110 µm, respectively, which are appropriate sizes for flotation. The liberation degrees (37% -43%) are quite low. The free surfaces of two minerals are about 50%. The associated minerals are mainly apatite, biotite and quartz. Figure 1 shows that monazite and xenotime are associated with these minerals in very fine size.
Development of Beneficiation Process
The mineralogical analyses above show that monazite and xenotime are the target minerals of REEs in the ore. As phosphate minerals with suitable grain size Comparing to other collectors Aero 6494 was found to be more selective for the REEs flotation measured by the recovery of REEs (La, Ce, Y) vs. the mass yield as shown in Figure 3 . S-9849 was also a selective collector, but higher dosage was required comparing to Aero 6494 at the same recovery of REEs.
The effect of grinding size on the flotation performance of REEs is shown in 
Characterizations of REE Concentrate and Tailings
At the optimized conditions the REEs concentrate was obtained and assayed by was measured by MLA. Figure 5 and Figure 6 show that three main REEs, La, Ce and Y, radioactive elements Th and U, and phosphorus (measured by P 2 O 5 )
were significantly enriched in the REEs concentrate and Fe, Si and Mg as impur-
ities were significantly removed.
The mineral grades of apatite, monazite, xenotime, silicate and others in the ore, concentrate and tailings are shown in Figure 7 . It is seen that phosphates including monazite and xenotime were effectively enriched and silicates as the gangues were removed to the tailings. It is noted that apatite appears in the con- 
